An Approach for Energy Management in Fuel Cell Vehicle (Modeling and Simulation) by Allahham A et al.
AN APPROACH FOR ENERGY MANAGEMENT IN 
FUEL CELL VEHICLE (MODELING AND SIMULATION) 
 
Adib Allahham                                 
Research Associate 
School of Engineering/Newcastle University  
Newcastle Upon Tyne, UK  
adib.allahham@ncl.ac.uk  
Gaith Warkozek                      Waseem Saeed                                 
Associate Prof in Damascus           PhD. Eng. in Damascus 
University                                      University 
Damascus- Syria                              Damascus- Syria  
+963-988206002                          +963-988206002 
ghaith.warkozek@gmail.com      wsaeed56@hotmail.com  
 
 
  
ABSTRACT 
One of important issues that should be taken into 
consideration in a fuel cell vehicle FCV is the dynamic 
response of the electric power source according to driver’s 
commands, which in case of using fuel cell FC is an obstacle. 
Because of thermodynamics effects, fuel cell has a slow 
dynamic response. In this research an alternatives solutions 
are studied to cover the dynamic working modes 
(acceleration and deceleration): basically ultra-capacitors 
with batteries. According to each source limits and 
specifications, an energy management control algorithm is 
proposed to use them within the optimal conditions. 
In this research, a model of the whole FCV is presented, 
based upon the vehicle model which will give the required 
mechanical torque to move the vehicle, then the DC motor 
which supplies this torque, this motor is alimented by three 
electric power sources (FC, ultra-capacitor and batteries). 
Finally a design of control algorithm for energy management 
to define the best source depending on different working 
conditions, which in our approach is based on the consumed 
electric current, and this algorithm was tested under different 
working condition to validate the approach of using the 
electric sources with their optimal conditions. 
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1. INTRODUCTION 
As the world is suffering from the decreasing of fossil fuel, 
alternatives must be available especially in transport section. 
One of the most promising alternative is using electric power 
to drive vehicle specifically fuel cell as main power source, 
but as known vehicles have special power requirements 
because they depend on driver’s needs, which reflect on the 
power consumed by the electric source. Fuel cells depend on 
electrochemical reactions which are limited by 
thermodynamic laws, which in turn limits FC flexibility and 
does not suits the fast response to load changes. So, FC could 
not cover the different operation states of the vehicle (start 
up, acceleration, deceleration, braking and overloading), 
therefore a backup and supportive sources should be used in 
such cases. 
Basically, the common known electric power alternatives are 
ultra-capacitor UC and Batteries, but the  used types of 
batteries have also dynamic issues (still better than fuel cell), 
while ultra-capacitors have high power density (could give 
high current without affecting their life). Thus, in this 
research,  the usage of batteries is limited to use it as backup 
for fuel cell (when overloaded) or to be charged from FC 
(when under loaded), while ultra-capacitors are used during 
start up and acceleration, or may they used when braking or 
electric deceleration as they can absorb high power. 
2. MODELING OF THE BODY OF 
ELECTRIC VEHICLE  
The first thing that should be taken into consideration is the 
vehicle electric power needs which depends on the forces 
that resist its movement. These forces should be determined 
to calculate the torque needed from the motor which 
determine the consumed electric power. Finally, after 
determining the needed power the source of supply should 
be defined. These forces which appear when moving are 
divided into three forces rolling resistance force, 
aerodynamic drag force, and grading resistance force, also 
there is the force required for acceleration which is vanished 
when moving is a steady speed. 
2.1. Rolling Resistance Force 
This force appears because of the change in the wheels’ 
shape while they are in contact with ground, this contact is 
reflected as deformation of tires (instead of being circular it 
become flat) and a contact area is formed instead of contact 
point. So, the real radius of the tire would change according 
to the road roughness (see Figure 1). This force is the 
reflection of pressure of the vehicle weight on ground, and 
while the vehicle moves this pressure will be concentrated 
on the front of wheel that faces the road, and a deviation a 
[m] of the center of the pressure force P [N] appears and a 
resistance torque 𝐓𝐫 [N.m] is performed on the wheel equals 
P*a, this torque must be eliminated by the torque from the 
motor to the center of the wheel (applying the force 𝐹𝑟 (N)), 
and to let the vehicle move this torque must equal 𝐓𝐫, 𝐹𝑟 can  
be obtained from equation 1. [1] [2] [3] 
 
Figure 1. Tire deformation  
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Where: 𝑟𝑑 [m] is the effective radius of the wheel after 
deformation, and 𝑓𝑟 = 𝑎/𝑟𝑑 is called friction resistance 
which depends on the road nature (asphalt, rocky, paved or 
unpaved), the pressure of inflation for the tires. In modern 
researches 𝑓𝑟  must be less than 0.01 and could be calculated 
from equation 2. 
𝑓𝑟 = 0.01 (1 +
𝑉
160
)              (2) 
Where V [m/s] is vehicle’s speed, P is calculated using 
equation 3 if the vehicle moves on a horizontal road and from 
equation4 when moves on a grade with angle α: 
P=m.g    (3) 
P=m.g.cosα   (4) 
Where m [kg] is the total vehicle mass and g [m/s2] 
gravitational acceleration. 
2.2. Aerodynamic Drag Force 
Vehicles move through the air which may resist this 
movement according to air density. Hence,  the vehicle body 
must be designed properly to have a smooth movement 
through the air and reduce the resistance of the air toward 
moving bodies and the pressure difference between the front 
side (high pressure facing the air) and the rear side (low 
pressure) this pressure difference applies force reversely to 
the movement. This force 𝐹𝑤 is a function to: the shape of 
the body (the more it is smooth the less this force is) which 
is called the drag coefficient CD, the vehicle frontal area Af 
[m] that faces the air, vehicle’s speed V, and air density ρ 
[kg/m3] as in equation 5. [1] [2] [3] 
𝐹𝑤 =
1
2
.𝜌.𝐴𝑓.𝐶𝐷.𝑉
2    (5) 
2.3. Grade Resistance Force 
When the vehicle moves up on a slopped road the weight 
will oppose this movement and tries to move it backward, 
while when moving down, this force will help the vehicle to 
move. This force Fg is a function to the vehicle mass and the 
degree of the slop α as in equation 6. [1] [2] [3] 
Fg = m.g.sin α      (6) 
2.4. Dynamic Force 
This force 𝐹𝑎 represent the need for acceleration and 
deceleration the vehicle while it is zero while move with 
constant speed and it is represented by equation 7. [1] [2] [3] 
𝐹𝑎 = 𝑚
𝑑𝑉
𝑑𝑡
       (7) 
 
2.5. Traction Force 
This force 𝐹𝑡 represents the force needed by the motor to 
overcome the resistive forces which is represented by 
equation 8. 
𝐹𝑡 = 𝐹𝑟 + 𝐹𝑤 + 𝐹𝑔 + 𝐹𝑎          (8) 
The mechanical traction power 𝑃𝑡 could be extracted by 
multiplying the force with V as in equation 9. 
𝑃𝑡 = M. g. (𝑓𝑟 . cosα + sinα). V +
1
2
. 𝐶𝐷. 𝜌𝑎 . 𝐴𝑓. 𝑉
3
+ M. .
𝑑𝑉
𝑑𝑡
. V          (9) 
While the electric power of the motor is calculated by divide 
𝑃𝑡 with the efficiency η of all rotating part in the vehicle 
starting from the electric motor till the wheels through the 
gear box if used would be about 90%. 
By implementing  equation (9) a model was built in 
MATLAB environment, this model has an input which is the 
required speed while the output is the required electric power 
or required mechanical torque from the motor (in its turn, the 
torque will be used as an input of the motor model later. 
 
3. ELECTRIC TRACTION MOTOR 
The induction motor is one of the most widely used motors 
in electric vehicles because its low cost and reliability and it 
does not need maintenance when operating [1]. However the 
permanent magnets motors are alternative to induction ones, 
as they have permanent magnet in their rotor, this has 
resulted in the elimination of sliding rings, also they have 
high power density which makes them competitive to 
induction motors. [1] 
However, in this study we will rely on direct current motor 
model to drive vehicle for several reasons: 
• The main objective here is to study the management of 
energy between the different sources supplying the motor 
not to drive the motor itself, so the types of the motor and 
comparing their performance considered outside the 
framework of this study. 
• DC motor shows maturity in control techniques, especially 
when using modeling environments such like MATLAB. 
4. ELECTRIC POWER SOURCES 
4.1. Fuel Cell 
Fuel cells are electrochemical devices that convert chemical 
energy into fuel, electric energy, heat and water. There are 
many types of FC, but due to its features a Proton Exchange 
Membrane FC are considered in this work,  such advantages 
are: High Power Density, Solid Electrolyte, Longer Life, 
Corrosion resistance, and High Efficiency, making it 
attractive to use in most applications and a center for 
research. [4] [5] [6] 
A steady state model of the PEMFC was presented in 
previous work [4] where flow rates, pressures, and 
temperature are considered fixed. While the polarization 
curve was as in Figure 3. 
 
Figure 3. The polarization Curve of PEMFC 
However, in real situation these values differ with the 
absorbed current according to thermodynamic laws and the 
voltage will oppose these changes, for example when 
applying step load on fuel cell the voltage would drop 
exponentially because of the capacity effect of the double 
layers on the electrodes,  and works as ultra-capacitors. The 
equivalent circuit of fuel cell would become as shown in  
Figure 4. [7] [8] [9] 
        
Figure 4. The equivalent circuit of fuel cell 
Figure 5 shows the result of modelling this circuit in 
MATLAB with applying 5 equal loads in 1 second interval, 
and then remove them also in 1 second interval  
Figure 5. Voltage changes with fast loading and unloading 
4.2. Ultra-Capacitors 
Ultra-capacitors present a good solution to back up the FCV 
during acceleration and deceleration, Ultra-capacitors UC 
are capacitors with very large capacities compared to 
traditional ones, but they have lower voltage level. These 
capacitors have an energy density up to 100 times the 
conventional capacitors, as well as receiving and delivering 
charges faster than batteries, also they have more charge and 
discharge cycles than rechargeable batteries. They may be 
used in applications requiring rapid cycle, such as 
regenerative braking or large power storage for short periods 
required for vehicles start up, also small units may be used 
in computer storage units. Ultra-capacitors consist of two 
carbon electrodes or its derivatives separated by a membrane 
(separator), which allows only the ions to pass through the 
electrolyte. By applying external voltage, the ions move 
within the electrolyte so that the positive ions move towards 
the negative electrode and the negative ions move toward the 
positive electrode and the energy is stored. [10] [11] 
The capacitance CR [F] could be calculated from equation12, 
𝐶 = 𝐼𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒 ∗
𝑡2 − 𝑡1
𝑉1 − 𝑉2
                (12) 
Where V1&V2 [V] the range of capacitor’s voltage allowed 
to be changed during the interval t2-t1 [sec] to discharge the 
required energy. While the required energy E [J] by a load 
(in our case motor during starting up or to braking) could be 
determined from equation 13. 
𝐸 =
1
2
∗ 𝐶𝑅 ∗ (𝑉1
2 − 𝑉2
2)                (13) 
For example we charged five capacitors in series each one 
with 2.7 V and 3000 F from zero to 13.6 V with constant 
current 8 A. After that the capacitors were discharged with 
constant 4A current from 13.6 V to 10.8 V which took about 
465 seconds so the capacitor would be: 
𝐶 = 4 ∗
465
13.5 − 10.8
= 688 𝐹 
While the given energy would be equal to: 
𝐸 =
1
2
∗ 𝐶 ∗ (𝑉1
2 − 𝑉2
2) =
1
2
∗ 688 ∗ (13.62 − 10.82)
= 23.05 𝐾𝑗 = 6.52 𝑊ℎ 
This energy shows that UC could give high power (the 
maximum tested current consumed from UC reaches 1900 
A), but in limited time (they have high power density with 
low energy density), which makes UC the best choice during 
starting up and braking because they happened in short 
times. The equivalent circuit of the UC is the same as 
traditional one (ideal capacitor in series with equivalent 
series resistance ESR). [12] [13] 
4.3. Batteries 
The usage of battery in this study is only limited to: 1) 
support fuel cells when the required power is higher than 
FC’s nominal power, and 2) could be recharged when the 
required power consumed from FC is low. This support is 
authorized because of two reasons: the first one, is that the 
FC power could not be estimated by vehicle maximum load, 
because interval of high power demands are too small (for 
example exceeding 80 km/h, or starting up because UC will 
cover the acceleration period), which in turn would decrease 
the FC power. The second one is the efficiency of FC would 
decrease when decreasing the load, so we would try to keep 
load level as close to FC’s nominal power as possible. 
Therefore, batteries could be charged from FC if there is 
excess power. However, if the batteries are charged, 
batteries could only supply the load. 
In order to manage flow of energy over the batteries, it is a 
trivial to know there state of charge SOC. SOC can be 
estimated  by measuring the open circuit voltage Voc as  SOC 
is proportional to Voc (batteries re not always in use which 
makes it possible to get Voc). [14] [15] [16] 
 
5. ENERGY MANAGEMENT 
ALGORITHM 
A general model of the whole vehicle is presented in 
Figure6. , which takes the speed signal (from the driver) as 
input and give torque as output, this torque is the input signal 
of the motor which is supplied by one of the three sources 
according to the current absorbed by the motor. The optimal 
selection of suitable source while driving is the main 
objective of the energy management algorithm. 
A control algorithm will be discussed later as the main 
control signal is the motor current derivation. Because it 
reflect the state of driving (acceleration – fixed speed - 
deceleration). As figure 6 show, a control box has been 
added for each source within the overall model. The outputs 
of this model are currents and voltages of each source, and 
the torque. Each control block will be discussed later in 
details. 
 
Figure 6. General model of the whole vehicle 
5.1. UC control box 
UCs will give the energy depending on the derivative sign of 
motor current (see Figure 7.): 
 When starting up, the derivative is positive (acceleration), 
UCs are main source of energy. 
 If the change is equal to zero (fixed speed), the UCs are 
off. 
 In the case of negative change (deceleration), UCs are 
reconnected to the circuit to be recharged during braking. 
 
Figure 7. UC control Box 
5.2. FC control box 
They are used in the following situations (see Figure 8): 
 When the current is stable, the load is constant (current 
change is equal to zero). 
 In case of acceleration, but when the capacitor SOC is less 
than 85%, (proportional to the voltage of the capacitors), 
the FCs support the ultra-capacitors but to limited to its 
nominal value. 
 
Figure 8. FC control Box 
 
5.3. Batteries Control Box 
They are used in two situations (see Figure 9): 
 Support fuel cell energy, if the value of the current is 
greater than the nominal value of FCs’ current,  
 Charged by FC, if the fuel cell current is smaller than the 
nominal value and the Batteries SOC is less than 85%. 
 
Figure 9. Batteries control box 
 
5.4. Testing control algorithm 
In general, electric vehicles are tested with driving cycles 
which differ from one country to another, in this study we 
used the J227 cycle (see Figure 10.) which is recommended 
by the United States Vehicle Engineers Association to test 
electrical vehicle control systems 
 
 
 
Figure 10. J227 driving Cycle 
Three scenarios were proposed in order to validate energy 
management algorithm. 
5.4.1. First scenario (Acceleration to 100km/h) 
The speed signal is shown in Fig. 11. , the acceleration time 
is 25 seconds, to reach 100 [km/h], this is reflected by an 
increase in motor current (positive derivative). The 
algorithm use UCs, as the SOC remained high, they fed the 
load until current has been stabilized.  
 Figure 11. The required speed in first scenario 
When the derivative of current is equal to zero (for 10s), the 
speed is set to 100 [km/h], the algorithm use fuel cells with 
the support of batteries because the current demand is greater 
than FCs’ current. Figure 12 shows sources ON-OFF states 
within time internals. While the currents consumed from 
each source are presented in Fig. 13,  
 
Figure 12. The entering interval of each source 
 
Figure 13. The consumed currents 
5.4.2. Second scenario (Acceleration to 60 km/h ) 
In this case , Fig. 11 shows the speed signal with acceleration 
of the vehicle to 60 [km/h] as final speed, where the 
demanded current is within FC capability,  furthermore, as 
batteries’ SOC is higher than 85% only FCs work as in 
Figure 14., and the currents as in Figure 15. 
Figure 14. The entering interval of each source 
100 
km/h 
Figure 15. The consumed currents 
5.4.3. Third scenario (Acceleration) 
The same as last scenario but the batteries’ SOC less than 
85% then FC would charge them because there is excess 
power. Figure 16 and Figure 11 show the results of this test. 
Figure 16. The entering interval of each source 
Figure 17. The consumed currents 
According to the validation scenarios, the proposed scenario 
shows that flow of energy can be managed in a manner to 
respond to driver needs for speed from one side, and operates 
the sources under optimal conditions in another side. And 
the control algorithm could be reflected as in Figure 18.  
Figure 18. Control Algorithm 
6. CONCLUSION 
A detailed model of FCV was applied and the characteristics 
of each electric source were studied and according to this a 
control algorithm were applied and tested in different 
working scenarios to define the best source according to the 
different conditions with no need to determine the speed, 
while the main control signal is electric current, so by taking 
its derivative working conditions could be defined 
(acceleration, deceleration, or working at fixed speed). 
This search could be expanded by working on transferring 
this algorithm to a physical model, and test it in real time 
condition which we are focusing on.  
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